There is strong epidemiological evidence indicating that consumption by humans of whole-grain foods including rice bran may be associated with a low incidence of cancer, especially in the colorectum. Molecular processes associated with cancer development may be retarded by fibre consumption. Consequently intervention with dietary fibre might be suitable as a cancer chemoprevention strategy in high-risk populations. Here we searched for putative molecular mechanism-based efficacy biomarkers of rice fibre consumption in the plasma of mice characterised by a genetic propensity to develop gastrointestinal adenomas. The hypothesis was tested that metabolic and proteomic changes in blood reflect the chemopreventive activity of rice bran.
Introduction
Epidemiological evidence suggests that human consumption of whole-grain foods is associated with a low incidence of cancer, especially in the colorectum [1] . Rice is the staple food of over half the world's population. Whilst the unpolished brown (bran-containing) variety possesses special dietary importance in Asia, rice consumed in the Western world is generally white, obtained from brown rice by bran removal. Dietary differences such as this may explain why the incidence of certain cancers, including those in the colorectum, is much lower in Asia than in the West [2] . A stabilised rice bran preparation containing 25-35% fibre, when added at 30% to the diet, interfered with adenoma development in the Apc Min min mouse, a model of colorectal carcinogenesis [3] . These mice possess a heritable Apc gene mutation which is responsible for adenoma formation [4] .
Importantly, the fibre content was pivotal for the adenoma retarding activity of the rice bran, as a rice bran formulation from which most of the fibre had been removed was devoid of efficacy in this model [3] . Three types of mechanism have been proffered by which dietary fibre including that from rice is thought to potentially interfere with colorectal carcinogenesis. Firstly, fibre is thought to exert 'physical' effects such as increasing faecal bulk, hastening faecal transit and binding potentially cocarcinogenic bile salts. Secondly, fibre may beneficially change the gastrointestinal microflora and luminal environment. Thirdly, fibre carbohydrates can undergo fermentation in the luminal environment, generating short chain fatty acids such as butyrate, which are thought to exert anticarcinogenesis [3] . Whilst the evidence for the anticarcinogenic properties of fibre particularly against colorectal cancer is tantalising, details of the underlying molecular processes remain obscure. A major shortcoming in the clinical optimisation of cancer chemopreventive interventions is the scarcity of knowledge of circulating markers which signal chemopreventive efficacy early during the intervention period. Proteomics and metabolomics are two attractive methodological platforms which help identify such biomarkers [5] revealing specific pathways pertinent to carcinogenic and/or anticarcinogenic mechanisms [6] [7] [8] [9] . Notably, a 1 H-NMR metabolomic approach recently identified an increase in the phosphocholine/glycerophosphocholine ratio, a biochemical marker of Apc tumour suppressor-mediated immortalisation and malignant transformation of cells, in the small bowel and colon of Apc Min mice [10] . We wished to identify biochemical perturbations which correlate with rice bran fibre-mediated anti-colorectal carcinogenesis. To that end, the plasma of Apc Min mice which received rice bran with their diet was subjected to proteomic and metabolic profiling analyses. The ultimate aim of the work was to buttress the preclinical knowledge of the potential usefulness of rice bran as a cancer chemopreventive intervention.
Methods and materials

Reagents
HPLC grade water, HPLC grade acetonitrile, 98% molecular biology dithiothreitol, purified grade ethylenediaminetetraacetic acid (EDTA) and reagent grade iodoacetamide were purchased from Sigma-Aldrich (Poole, Dorset, UK). Ultra grade (≥99.5%) ammonium bicarbonate was purchased from Fluka (Buchs, Switzerland). Mass spectrometry grade Trypsin Gold was purchased from Promega (Madison WI). Enolase digestion standard (S. cerevisiae) and alcohol dehydrogenase digestion standard (S. cerevisiae) were purchased from Waters Corp. (Milford, MA) . Lo-Bind sample tubes were purchased from Eppendorf (Hamburg, Germany). LCMS grade water, acetonitrile (for metabolic profiling) and formic acid was purchased from Fisher Scientific (Loughborough, UK).
Trasylol was purchased from Bayer (Newbury, UK). The rice bran formulation used ("RiFiber") was generously provided by NutraCea (now RiceBran Technologies, Scottsdale, Arizona, USA). The fibre content of RiFiber is between 40-50% of total weight, of this fibre 1% or less is soluble, so that the ratio of soluble to insoluble fibre in the fibre fraction is ~1:100. intensity of the top 3 peptides [12, 13] . Students t-test analysis was conducted for all samples using GraphPad Prism 6.0 to test the difference between control and 30%.
Animal Study:
The same chromatography and source conditions used in the discovery phase on the Waters Synapt G2 were transferred to the Waters Xevo TQ, thus ensuring consistency in the transition between discovery and verification steps.
Sample Preparation
Immunodepletion Discovery phase plasma samples (10 µl C1q, C3 and C4, Plasminogen and Pre-albumin. The manufacturer's protocol was followed for the depletion procedure, briefly: 40 µl of plasma was diluted to 500 µl with Equilibration Buffer (EqB) and filtered at 0.22 µm with Corning Spin-X centrifuge tube filter. An immunodepletion spin column was equilibrated with EqB and 100 µl of filtered plasma was added and incubated for 20 min at room temperature. Unbound low abundant proteins were centrifuged at 4500 rpm for 1 min and the flow through was collected into a clean tube. Bound proteins were eluted off the column using elution buffer and the column re-equilibrated for the next depletion. Depleted plasma was concentrated using Vivaspin centrifugal concentrator and 100 µl of depleted-concentrated sample was added to the immunodepletion column for the second time to remove the high abundance proteins that did not bind during the first depletion. At the end of this stage, ~98% of high abundance proteins are depleted from the plasma.
Protein concentration was determined using Pierce Bicinchoninic Acid protein assay kit following the manufacturer's protocol (Thermo Scientific, Loughborough, UK).
Tryptic digestion
Low abundant proteins (typically 100µg) were chemically reduced by 100 mM dithiothreitol ( 
Targeted analysis
Individual samples from the 2 groups (Control and 30%) were immunodepleted , and subsequently underwent tryptic digestion, as described above. For targeted analysis, samples did not undergo fractionation prior to LC-IMS-MS/MS analysis.
Data Analysis
Raw data was then processed using Protein Lynx Global Server (PLGS) 3.0. PLGS 3.0 utilises the drift time of ion mobility-separated peptides to increase the specificity of alignment/association for precursor and product ions. Data were extracted, aligned and searched against the Uniprot human proteomic database, version 2013-11, appended with the alcohol dehydrogenase (S. cerevisiae)
sequence. The ion accounting algorithm used has been described previously [15] . Expression E was used to identify differences in protein expression between the samples using a Beyesian statistical model [13] . For targeted analysis, MassLynx 4.1 was used to extract and integrate the data.
Integrated peaks were analysed using GraphPad Prism 6.02.
Metabolic Profiling
Instrumentation
The metabolomic analysis of mice plasma was performed on a Waters ACQUITY UPLC chromatograph with an in-built auto-sampler (Waters Corporation, Milford, MA) fitted with a Waters Acquity BEH (bridged ethylene hybrid) C 18 2.1 mm x 100 mm, 1.7 μm column ( Waters Corporation, Milford, MA) maintained at 40°C. A VanGuard BEH C 18 pre-column (Waters Corporation, Milford, MA) was fitted prior to the analytical column. Solvent A: HPLC grade water with 0.1% aqueous formic acid (v/v) and solvent B: acetonitrile with 0.1% formic acid (v/v). The flow rate was set to 0.5 mL/min. The mice plasma extract (10 μL injected) was analysed using the chromatographic gradient: 5% B (0-1 min), increased to 35% B (1-10 min). This was followed by a column clean-up phase built into the method to reduce carry over and condition the column for analysis of subsequent samples, in which the mobile phase was increased to 95% B (10-11 min) and maintained at 95% B (11-12 min) before returning to initial conditions (13-15 min).
The LC system was coupled with a Waters Synapt HDMS ion-mobility mass spectrometer (Waters Corporation, Milford, MA) equipped with an electrospray interface. Electrospray ionisation conditions for the MS, with the ion source operated in positive ion mode were: capillary voltage 3.0 kV; cone voltage 30 V; source temperature 120°C; desolvation temperature 300°C; desolvation gas, N2 gas flow 600 L/hr; cone gas flow 30 L/hr. Data was acquired from 50 -1200 Da with an inter-scan delay of 0.02 sec. The tri-wave (TWIMS) drift cell conditions were set at 30 mL/min drift gas (N2) with a variable travelling wave height ramp of 6.0 -13.0 V and wave velocity of 300 m/s. The mass spectrum acquisition rate was 0.065 ms/scan. MassLynx v4.1 (Waters Corporation, Milford, MA) was used for controlling the setup and for data acquisition.
Sample Preparation
Plasma samples stored at -80°C were thawed at room temperature prior to sample clean-up by protein precipitation. Samples were analysed unpooled for metabolic profiling. Each thawed plasma sample was vortexed for 30 seconds followed by ultra-sonication for 1 minute to improve homogeneity. Protein precipitation was achieved by the addition of 200 µL acetonitrile to 100 μL of plasma [16] . The mixture was vortexed for 30 seconds followed by ultra-sonication for 1 minute and then subjected to centrifugation at 10,000 g for 10 minutes at ambient temperature. The supernatant was transferred to a fresh microcentrifuge tube and concentrated to near dryness by evaporation using a Turbovap LV concentration workstation (Caliper Life Sciences, Hopkinton, MA, USA), prior to being reconstituted in 50 μL water/acetonitrile (95:05) (v/v) with 0.1% formic acid. The reconstituted plasma extract was placed in a 200 μL polypropylene micro-insert (Supelco, UK) in an autosampler vial (2 mL) for UPLC-MS analysis.
Quality Control
A quality control (QC) sample [17, 18] was prepared by combining equal-volume sub-aliquots from all the samples in the study (Group A to D). The chromatographic column was conditioned at the start of the run by the injection of consecutive aliquots from five extracts derived from the QC samples. Randomisation of the sample list was carried out prior to analysis to remove bias. The QC sample was analysed after every 5 samples during the analytical runs. Blanks were analysed after every sample to ensure no-carryover between sample runs.
Data Analysis
The ion mobility dimension was collapsed to reduce the complexity of the data to retention time, m/z and intensity variables prior to data analysis. Data mining was initially carried out using MarkerLynx XS (Waters Corporation, Milford, MA). The parameters used for peak alignment were: retention time range 0-10 min, retention time tolerance was set to 0.1 min; mass range was limited to 50-500 Da and isotopic peaks were excluded from the analysis. The data matrix generated by the MarkerLynx software was normalised to the summed total ion intensity per chromatogram. The data were pareto-scaled prior to subjecting the data matrix to multivariate statistical analysis.
Multivariate statistical analysis including PCA and PLS-DA was carried out using SIMCA-P + (Umetrics, Sweden). Ion mobility data was visualised and processed using Driftscope v2.1 (Waters Corporation, Milford, MA).
Results
Chemopreventive efficacy of dietary rice bran in Apc Min mice
Mice received RiFiber with their diet at three concentrations (5, 15 and 30%) from week 4 of age and tumour number and burden were assessed in week 16, when most animals were moribund due to their intestinal adenoma load. Figure 1 shows that administration of RiFiber at the 30% dose decreased tumour burden and that tumour number was negatively correlated with rice bran dose.
The highest dietary dose decreased the internal bleeding associated with adenoma load in the mice to a small but significant extent, as reflected by the haematocrit levels. These observations are fully consistent with a previous report on the effect of rice bran on adenoma development in this model [3] . There was no significant difference in body weight for any of the treatment groups at the time of culling (see Supplementary Figure 1 ).
Analysis of the plasma proteome in Apc
Min mice on rice bran HDMS E following immunodepletion of plasma has been shown to be reproducible in human samples [19] and provides accurate quantitation [20] . Therefore this approach was used to assess the effect of rice bran consumption on the mouse plasma proteome. Expression E was used to establish significant differences (p<0.05) in protein expression which were observed between control mice and mice on 30% rice bran (Table 3) . Thirty eight proteins were differentially expressed (36 upregulated, 2 down-regulated in the intervention group). A literature search (Pubmed, Web of Science) suggested that some of these proteins are associated with carcinogenesis. Three molecules;
gelsolin, adiponectin and α-2HS glycoprotein were selected for further interrogation. Five mass spectrometric transitions for each of these three peptides were derived from the discovery data to help verify their presence in individual plasma samples using single LC-MS-SRM analysis. Figure 2 demonstrates agreement between discovery and individual sample analyses. Expression of the three proteins namely Gelsolin (2.5 fold; p = 0.018), α-2HS (2.13 fold; p = 0.013) and adiponectin (4.5
fold; p = 0.0003) in the individual samples was significantly higher in the plasma of mice on rice bran than in control mice. These values compare with fold differences in the discovery analyses of 1.77, Figure 2) .
Plasma Metabolic Profiling in Apc
Min mice on rice bran.
The LC-MS data derived from the metabolic profiling was mined using MarkerLynx XS (Waters Corporation) and processed using multivariate statistical analysis including principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Supplementary   Figure 2 shows the PCA plot of all the samples from the study (Group A -control mice to Group Dmice on 30% RiFiber) and the quality control (QC) samples. The tight clustering of the QC samples towards the middle of the PCA plot (circled in supplementary Figure 3) indicates that data quality is fit for purpose for metabolite profiling studies. The numbered QC samples did not show any particular trend, their distribution was governed by random order within the cluster of samples (data not shown) indicative of absence of drift in system performance, which would bias the analysis. The PCA plot ( Figure 3A) shows a partial separation of metabolic profiles in the plasma between control mice (Group A) and mice on 30% rice bran (Group D). An OPLS-DA model based on K=315 variables produced a clear separation between these two groups. Plasma samples from control mice showed a wider within-sample-group variation than those from mice on 30% rice bran, as reflected by the spread of samples from control mice samples across principal component 2 in comparison to those from mice on rice bran which were clustered more tightly ( Figure 3B ). The control group consisted of 4 male and 3 female mice whereas the 30% rice bran group contained 4 male and 4 female mice.
The OPLS-DA plot does not suggest sub-clustering of samples indicating that the effect due to rice bran is independent of gender.
A loadings S-plot (Supplementary Figure 4) was constructed using the OPLS-DA model shown ( Figure   3b ) to segregate potential metabolite ions and allow visualisation of the distribution of the data from the OPLS-DA model for the two classes. The S-plot indicates the presence of seven metabolite ions, five up-regulated and two down-regulated expressed at different levels between control mice and mice on 30% rice bran (Table 2 ). These metabolites were interrogated via their extracted ion chromatograms (EIC) as shown in Figure 4 for the m/z 212 ion. Trends across groups for individual metabolites reflect differences in abundance between groups illustrated in Figure 4a and 4b for this up-regulated ion ( p = 0.0003) . This data suggests that consumption of RiFiber at 30% in the diet affects circulating metabolites, although conclusive identification of up-and down-regulated metabolic species requires further work.
Discussion
The chemoprevention of CRC by fibre is an attractive dietary strategy for the reduction of incidence PCA of the metabolic profiling data showed partial resolution of plasma samples between control mice and mice on 30% RiFiber, although at lower doses such a separation was not observed. OPLS-DA was used to identify molecules potentially responsible for the separation. It is conceivable that some of these identified metabolites are pure markers of RiFiber consumption; however, further work is required for definitive structural allocation of these metabolites. These metabolic changes conceivably reflect the influence of RiFiber consumption on microbial events linked to adenomagenesis [23] . Modulation of gut microflora is increasingly seen as a potential mediator of colorectal carcinogenesis and may act as a molecular signature [24] . Such signatures have been observed before in human blood [25] .
Three of the molecular changes detected here by the proteomic analysis were further tested in targeted analyses. Adiponectin, gelsolin and α-2HSGP were found to be increased in the plasma of mice which consumed RiFiber as compared to controls. Elevated levels of adiponectin have previously been shown to accompany suppression of carcinogenesis in Apc Min mice [26] . Adiponectin has both anti-inflammatory and insulin-sensitising effects [27] . These effects have been hypothesised as key mechanisms that associate obesity with colorectal carcinogenesis [28] . In this study a change in body weight was not observed for any of the treatment groups indicating independence from potential obesity confounders. A recent EPIC study found that total circulating and non-high molecular weight adiponectin was inversely associated with CRC [29] . The mechanism underlying this relationship is unclear, but it has been suggested that the AMPK/mTOR pathway may be implicated [30] .
Gelsolin has been detected as a biomarker previously for cancers other than CRC, and in one study plasma gelsolin was a biomarker of distant organ metastasis [31] . α-2HSGP has been suggested to be a potential marker of CRC [32] . Paradoxically in the study described here, circulating levels of both proteins were up-, not down-regulated, inconsistent with the cancer chemopreventive activity of RiFiber. Nevertheless the data demonstrates that changes occur in the plasma at the molecular level which probably emanate from intestinal adenomas. These changes might provide potential biomarkers of efficacy in future chemopreventation trials of rice bran in individuals at risk of colorectal carcinogenesis.
The dose of rice bran ingested by the mice in the 30% bran group, in which the described molecular changes were observed, was about 15 g per kg mouse, which equates to approximately 1.2g/day per kg in humans, i.e. ~85 g in a 70 kg human, when calculated using Freireich rodent-to human extrapolation [33] . This is a rather hefty -but still just feasible -amount in the light of the recommended daily fibre intake in a human which is about 18g per day [34] . More preclinical work and large sample numbers are required to confirm the relevance of the observations proffered here [35] . Figure 1 . Effect of rice bran on whole body weight of male and female ApcMin mice. Mice received control diet or diet fortified with RiFiber at 5, 15 or 30%.
